Abstract-Time delays in haptic teleoperation affect the ability of human operators to assess mechanical properties (damping, mass, and stiffness) of the remote environment. To address this, we propose a unified framework for human haptic perception of the mechanical properties of environments with delayed force feedback. In a first experiment, we found that the delay in the force feedback led our subjects to underestimate all the three mechanical properties. Moreover, subjects perceived additional damping or stiffness properties that the environment did not possess. It was found that the extents of these changes in the perception depend on both time-delay magnitude and the frequency of the movement with which subjects interacted with the environment. This was due to the fact that subjects were not able to distinguish the delaycaused phase shift in the movement-force relation from changes in the three mechanical properties. Based on this, we proposed a framework that allowed for a prediction of the change associated with delayed force in perception of mass-spring-damper environments. The framework was corroborated by a second experiment, in which a combined mass-damper environment was tested. Our hypotheses that the delay would cause subjects to underestimate the mass but overestimate the damping and that the extents of the under-and overestimation would differ between individual subjects due to the difference in the interaction frequency were confirmed.
I. INTRODUCTION
T ELEOPERATION systems allow the human operator to accomplish tasks on a remote or hazardous site without the need for physical presence. This field has prompted the continuous development since the mid of the last century [1] - [4] . Providing haptic force feedback that directly reflects the environment properties is essential for maximizing the potential of teleoperation systems. It enables the human operator to sense mechanical properties-damping, mass, and stiffness-of the environment.
A system with poor transparency may adversely affect the operator's perception of the properties of the environment, limiting the performance on the task [5] . Designing high-transparency teleoperation systems is, therefore, of primary importance [6] . However, the information of damping, mass, and stiffness is inevitably distorted as the force feedback passes though different mediums (slave, communication channel, and master device) before reaching the operator. Effective mitigation of these distortions, in particular those caused by time delays, requires us to first understand how these mediums affect the perception of the mechanical properties.
Many studies attempted to understand the effect of time delays [7] - [12] . It seems that humans cannot separate the delays from the perception of the mechanical properties. Instead, the delay in the force leads to improper estimations of the environment properties [7] , [8] . During continuous contact with an elastic force field, humans underestimate the spring stiffness when the delay exists [8] , [11] , [13] . However, such an underestimation disappears in the case of small delays (up to 30 ms) [10] . Apparently, the reported effects related to different timedelay magnitudes on the haptic perception of spring stiffness are inconsistent. Moreover, a detailed exploration of the effect of delays on perceived damping and mass properties is still lacking.
To this end, we aim to establish a clear understanding of the effect of the delayed force feedback on human perception of damping, mass, and stiffness properties of linear dynamic environments. This study consists of two user studies. In a first experiment, we investigate the variation associated with the time-delay magnitude in the perception. Attempts are also made to explore the correlation between the delay-caused perception changes and the frequency at which the interaction between the human operator and the environment occurs. The experiment allows us to reveal the fundamental principle that governs the perception change associated with delayed force feedback. On the basis of the principle revealed, we establish a framework that unifies the effect of delays on the perception of all three mechanical properties. It also provides a straightforward visualization that allows for a prediction of the perception change associated with delayed force feedback. With a second experiment, we tested its predictions and showed that knowledge of both the time delay and the interaction frequency is sufficient to describe the assessment of the mechanical properties perceived with delayed force feedback.
The remainder of the paper is organized as follows: Section II provides details about the first experiment. Section III gives the results of the experiment and the analysis of the results. In Section IV, we reveal the principle behind the change caused by delays in the mechanical properties perceived. A unifying framework is proposed in Section V. Section VI elaborates on the second experiment that corroborates the proposed framework. Section VII discusses findings of this study, the limitation of this paper, and the future work. Section VIII concludes the contributions of this study.
II. EXPERIMENTAL METHODS
An experiment was conducted to measure human haptic perception of damping, mass, and stiffness properties when force feedback was delayed. It was performed by 12 participants (10 male and 2 female), ranged in age from 24 to 55 years with a mean of 33.7, all right handed and without a history of impairments in moving the arm or hand. Participants were graduate students and academic staff members of TU Delft. All had sufficient knowledge about how each of these three mechanical properties feels, but were naive about the effect of the time delay on the perception of mechanical properties. The study was approved by the Human Research Ethics Committee of TU Delft, and informed consent was obtained from participants before the experiment.
In this experiment, the effect of the magnitude of the delay time was studied. We also studied the frequency dependence of the effect of delays, by asking subjects to apply sinusoidal excitation movements at different frequencies.
A. Procedure Fig. 1(c) shows a schematic diagram of the experiment. The subject (the operator) haptically perceives one of two environments through a side-stick manipulator. One environment is a reference environment, and the other is a control environment. Both environments consist of a mass, damper, or spring load simulated with one degree of freedom in the lateral direction. Their forces in response to the manipulator movement can be expressed as
Here, the subscript j ∈ {r, c}, where r and c refer to reference and control, respectively. m, b, and k are the mass, damping, and spring coefficients. τ e and θ m denote the environment torque and the manipulator deflection angle. The force of the reference environment τ e,r is delayed, whereas that of the control environment τ e,c is not delayed.
The experiment has a "perceive and adjust" procedure. The subject initiates an experimental run by selecting one of the two environments. During each experimental run, the subject interacts with the selected environment using a prescribed sinusoidal manipulator movement. Such a manipulator movement will be realized by performing a tracking task. Each experimental run lasts for a fixed length of time. Details about the tracking task and the duration of the experimental run will be given later. After each run, the manipulator automatically moves back to the center, and the subject can adjust the mechanical properties of the control environment before he/she initiates another experimental run (see Section II-D for the tuning procedure). The subject is asked to repeat this procedure until the two environments are the same in the perceived damping, mass, and stiffness properties.
The simulated dynamics of the side-stick manipulator are the same for the two environments. Therefore, although the subject perceives the lumped dynamics of the manipulator and the environment, the dynamics of the manipulator will not affect the comparison between the two environments. The Appendix gives the manipulator dynamics and the information about the hardware in greater detail.
Section II-B gives the settings of the reference environment. The initial settings of m c , b c , and k c of the control environment are taken to be identical to those of the reference environment. Their final values adjusted by subjects will be taken as the measurements, they will indicate the mechanical properties subjects perceived from the delayed reference environment.
Subjects were not informed that the force feedback from the reference environment was delayed. If our subjects are able to perceive the time delay and isolate it from the correct information of the mechanical properties, the three parameters of the control environment should remain at their initial settings. However, if the delay cannot be assessed separately, it will affect subjects' perception of the mechanical properties, and the three parameters will change.
B. Conditions
Three different reference environments were tested. To reduce complexity, each reference environment only possessed a single mechanical characteristic, i.e., damper, mass, or spring. Table I lists the settings of the three reference environments. All these settings chosen here are within the typical manipulator setting range for manual control tasks [14] . Note that in this paper, all the mechanical properties are expressed in a rotational coordinate system, the corresponding linear quantity can be derived using the distance from the effective grip point on the manipulator to the axis of rotation of the manipulator (90 mm, see the Appendix). were studied. To investigate the frequency dependence of the effects of delays, we selected two frequencies for the prescribed sinusoidal manipulator deflection ω i,(i∈{1,2}) (ω 1 = 6 rad/s and ω 2 = 8 rad/s). A factorial combination of these two independent variables results in four conditions for each of the three reference environments. The duration of an experimental run was set to 7.35 s in the case of ω i = 6 rad/s and 5.5 s in the case of ω i = 8 rad/s.
C. Prescribed Manipulator Movement
To ensure that our subjects moved the manipulator at the desired frequency ω i (and with that excited the environments at that frequency), they performed a preview tracking task [15] in each experimental run. The visual display of the tracking task was shown by an LCD screen in front of the subject, as can be seen from Fig. 1(a) . Fig. 1(b) illustrates the tracking display in greater detail. The reference manipulator deflection is calculated according to
In this paper, the manipulator deflection is given in radian. In the experiment, the first and last full cycle of this prescribed movement are used as fade-in and -out phases. The movement amplitude gradually increases from 0 to 0.37 during the fade-in phase, and decreases from 0.37 to 0 during the fade-out phase. To perform the tracking task, the subject needs to reduce the distance between the current manipulator deflection θ m (t) [shown by "•" in Fig. 1(b) ] and the current reference deflection θ ref (t) (shown by "+"). The two symbols only move horizontally. The visual preview, shown as a winding curve, contains 1.5-s future information of the reference deflection. It moves downward as time progresses.
D. Tuning of the Control Environment
Rather than asking our subjects to adjust all three coefficients (b c , m c , and k c ) of the control environment, we reduce the complexity of the procedure through coupling the adjustments of m c and k c . This can be motivated from the frequency response function (FRF) of the control environment as
Here, Due to the tracking task, subjects will only excite the environment at a single frequency of ω i . The force of the environment is determined by the FRF at this particular frequency. First, the real part of this complex number is determined by k c and m c combined, see (3) . It generates a spring or inertia force in response to the movement, depending on its current sign [16] . When H c (ω i ) is positive, it generates a spring force of which the ratio to the displacement is H c (ω i ). The combination of k c and m c that yields a particular harmonic spring force is not unique. However, the harmonic spring forces generated by all combinations are equal to that generated by a pure spring with zero mass and a spring constant of H c (ω i ). A negative H c (ω i ) generates an inertia force that is directly proportional to the acceleration. Similarly, all combinations of k c and m c that generate a particular harmonic inertia force can be represented by a pure mass of H c (ω i )/ω 2 i . Due to this characteristic and the fact that a system generates only one of the two forces (the spring and the inertia forces) at a single frequency, the adjustment of the mass and stiffness can be combined by means of the real part H c . Second, the damping is adjusted with the imaginary part H c , independent of the other two parameters. In the experiment, the computer calculates the three mechanical properties according to the following rule:
In the experiment, H c and H c were labeled as the "first variable" and "second variable," respectively. Subjects could individually adjust these two variables, using two vertical sliders shown on the screen [see Fig. 1(b) ]. Before the experiment, the relation between the two variables and the three mechanical properties was explained to subjects. All subjects received sufficient training for the adjustment of the mechanical properties.
III. RESULTS
In the experiment, our subjects performed the tracking task with considerable accuracy. The frequencies of the actual manipulator movement with regard to the two desired frequencies were 6.011 ± 0.032 and 8.019 ± 0.040 rad/s (mean ± std.), respectively. This indicates that the measurements accurately reflect the effects of the condition tested.
Each subject spent a similar amount of time on the adjustment of mechanical properties under all conditions. All finished the experiment with confidence that the two environments were perceived to be the same. The original mechanical properties of all the three reference environments were underestimated. In addition, the delay in the force feedback led our subjects to perceive each of the reference environments as having one more mechanical property. Additional spring stiffness was perceived from the delayed damper environment; an additional damping property was perceived from the delayed mass environment; and an additional property related to negative damping was perceived from the delayed spring. Different experimental conditions led to dif- ferent extents of these changes in the perception. Table II lists the measurements of the mechanical properties perceived from each reference environment, i.e., the final values of b c , m c , and k c of the control environment, along with the results from twoway repeated measures ANOVAs that indicate the effect of the factor tested. Note that in the table, the term 95% CI denotes the 95% confidence interval corrected for between-subject variability, and that a significance value of 0.000 means p < 0.0005.
A. Perception of Delayed Damper
The perceived damping b c under all the four conditions is smaller than the reference damping of 0.3 N·m·s/rad. The effects of both the delay time t d and the excitation frequency ω are significant: An increase in either t d or ω causes more underestimation. This can be seen more straightforwardly from the left-hand side plot of Fig. 2(a) . In addition, the red line drops faster than the blue line due to a significant interaction. This indicates that the change caused by t d in the perception is more pronounced when ω increases.
The additional spring stiffness perceived by our subjects varies significantly with t d and ω. As can be seen from the right-hand side plot of Fig. 2 (a), higher t d or ω significantly increase the level of the spring stiffness perceived.
B. Perception of Delayed Mass
The delayed mass was underestimated under all conditions. Greater underestimations occurred when either of t d or ω increased, as can be seen from the left-hand side plot of Fig. 2(b) . In addition, a significant interaction leads to the faster drop of the red line, indicating that the effects of the time delay is amplified when the frequency increases.
Under different conditions, different amounts of additional damping were perceived from the delayed mass. The increase in b c due to a larger t d or ω as shown in the right-hand side plot of Fig. 2 (b) was significant.
C. Perception of Delayed Spring
The delay in the force feedback led our subjects to underestimate the spring stiffness of the reference spring environment. Moreover, subjects related a part of the environment response to negative damping. These two mechanical properties perceived varied significantly with both t d and ω, as can be seen from Fig. 2(c) . Moreover, a strong interaction was revealed: The slopes of the two lines in both plots are different. Again, this indicates that the effect of t d depends on ω.
D. Discussion
The results clearly demonstrate that the time delay affects the human perception of all the three mechanical properties. It appears as if the delay "shifts" a part of the perception of the original property toward the perception of another. This shift in perception depends on both the time delay and the excitation frequency. In conclusion of the impacts of these two factors: Different time delay magnitudes have different effects on the dynamics perceived, and changes in perception are more pronounced with larger delays. In addition, the effect of the time delay varies with the frequency at which the environment is excited, demonstrating a clear frequency dependence.
IV. BLACK-BOX MODELING PRINCIPLE AND EVALUATION
In this section, we will investigate how the mechanical properties were estimated by our subjects, and reveal the principle behind the perceptual changes caused by the experimental variations. We will first carry out an analysis in the time domain, then visualize it in the frequency domain. The findings will then be verified by the experiment results.
A. Principle Behind the Perception Change 1) Investigation Into the Subjects' Strategy:
After the experiment, we asked our subjects to explain their strategies for adjusting the mechanical properties. We found that all subjects were unaware of the delay in the force feedback from the reference environment. In order to match the damping of the two environments, subjects compared the forces that they perceived at around the center of the manipulator movement (i.e., the point where the deflection angle is zero, θ m ≈ 0). They related the amount of this force to the damping level. Both the mass and stiffness levels were estimated at the extremes of the manipulator movement (the peaks of the deflection). At the extremes, the force pulling the manipulator back to the center (elastic force) was related to the stiffness level, whereas the force needed to change the direction of the manipulator velocity (inertia force) was related to the mass level. This indicates that our subjects estimated the mechanical properties on the basis of the correlation between the movement and force, in line with the findings reported in [7] , [17] - [19] . 2) Time-Domain Analysis: For an undelayed environment, the forces felt at the deflection angles mentioned earlier, indeed, reflect the true levels of the corresponding properties. For example, consider a pure damper environment that possesses a damping of b and zero mass and zero stiffness. Here, we use b instead of an explicit numerical number for the damping. This is because the example shown in the figure is not limited to any particular value of damping.
When the human operator moves the manipulator with a sinusoidal profile, as prescribed during the experiment, the velocity profile of the manipulator is a cosine, which reaches the peak when the deflection angle is zero, see Fig. 3 . When relating the force perceived at this point to the damping, one is actually estimating the ratio of this force to the velocity maximum. Because the force caused by the damping is proportional to the velocity, if the force feedback is not delayed, it will indeed be perfectly "in phase" with the manipulator velocity, as can be seen from the force profile shown as the gray curve in Fig. 3 . Therefore, the damping estimation on this basis approximates the true level of damping. However, due to the time delay, the force feedback from the damper environment does not align-is not "in phase"-with the manipulator velocity. As can be seen from the force profile shown as the red curve, the force at the center is smaller, so does its ratio to the maximum velocity. This reduced ratio results in an underestimation of the environment damping. In addition, the delay causes resistant forces at the two extremes of the manipulator deflection, leading subjects to perceive a nonzero environment stiffness. This explains the "shifts" in the perception observed earlier.
3) Frequency-Domain Analysis: From the aforementioned analysis, we conclude that our subjects based their estimation of the environment properties on the phase characteristics between their actions on the manipulator (the manipulator movement) and the force feedback they received. A time delay in the force feedback causes this phase characteristic to change, leading our subjects to perceive different mechanical properties. With regard to the example shown in Fig. 3 , an undelayed environment that possesses a lower damping and a nonzero stiffness can generate exactly the same phase change. Hence, the perception changes observed in the experiment are due to the fact that subjects cannot distinguish between the phase changes caused by the delays and the phase changes resulting from changes in damping, spring, or mass properties. This principle can be interpreted as a "black-box estimation problem," where the candidate model is always a single mechanical system no matter what the actual structure of the system is. That is, humans are inclined to always interpret what they feel as a mass-spring-damper system, no matter whether the force feedback they obtain is delayed or not.
To better understand this, we describe the correlation between the position and force of a delayed mass-spring-damper system with the FRF as where t d is the delay constant. In order not to cause confusion, note that we express the system dynamics with a position-force form, instead of the perhaps more commonly used impedance Z that describes the velocity-force relation. When considered at a single frequency, the complex-valued FRF is a vector in the complex plane. Excited at this frequency, the system behaves like a single mechanical impedance, i.e., the characteristics of its force response are described by the FRF's projections on the two axes [16] , which are as follows.
1) The force response at the velocity maximum-the force that our subjects used to estimate damping-is determined by the projection on the imaginary axis.
2) The force response at motion extremes-the force that our subjects used to estimate the stiffness or mass-is determined by the projection on the real axis. A positive real projection results in an elastic (spring) force; a negative one results in an inertia force.
3) The magnitudes of the aforementioned forces relate linearly to the size of the corresponding projections. Now consider a pure damper environment (b = 0, m = k = 0), and draw the corresponding H delay and H 0 at a single frequency ω i on the complex plane-a single-frequency Nyquist plot-as shown in Fig. 4 . As can be seen, the FRF of the undelayed environment (H 0 , the blue vector) is located on the imaginary axis. So this system only generates a force in phase with the manipulator velocity, while at the extremes, the force is zero; it has a force profile similar to the gray curve in Fig. 3 . The FRF of the delayed environment (H delay (ω i , t d ), the red vector) has a same magnitude, but is rotated by ω i · t d radians in the clockwise direction, because of the time delay. Due to this, H delay (ω i , t d ) has a smaller projection on the imaginary axis and a new projection on the real axis.
The findings of the experiment show that our subjects did not separate the delay from the perception of the mechanical properties. This means the time-delayed dynamics H delay rather than the original dynamics H 0 was used as the basis of the estimation of the environment properties. A reduction in the imaginary projection reduces the force at the velocity maximum, causing humans to perceive a lower damping. The additional projection on the positive real axis leads our subjects to feel an elastic force. As a result, the environment feels "more elastic," causing a perception of additional spring stiffness.
Similarly, all dependencies on the time delay magnitude t d and excitation frequency ω, and their interactions, can also be explained. In the experiment, the variation in t d or ω led to different phase shifts, causing different changes in the perception of the environment dynamics. Because the phase shift is the product of these two variables, the effect of each of these two factors is bound to increase when the other factor increases. Also, due to the trigonometric relation between the FRF vector and its projections on the two axes, the effects of these two factors are nonlinear.
B. Verification
The aforementioned principle can be verified using the experiment measurements. First, take the parameters listed in Table I and the settings of t d,i and ω i into (5), H delay (ω i , t d,i ) of the reference damper environment under different conditions can be obtained. This complex number yields the prediction of how the delayed damper will be perceived. Second, the FRFs of the control environments H c (ω i ) yield the frequency-domain measurements of the perception of the delayed damper. The first row of Fig. 5 shows the comparisons between the predictions and measurements in the complex plane. As can be seen, the measurements from all subjects are close to the predictions.
The perceptual changes associated with the delayed mass and spring environments can similarly be explained, and the measurements also matched the predictions very well, as shown in the second and third rows of Fig. 5 . The experiment measurements provide clear evidence of the "black-box modeling" principle, indicating that, while matching the perceptions of two environments, our subjects were actually matching the frequency responses of the two environments at the prescribed frequency ω i .
V. FRAMEWORK
In this section, we take a combined mass-damper environment as an example to illustrate how the principle discussed in the previous section can be extended to more general cases, e.g., cases where the environment consists of multiple mechanical properties. We start from a single excitation frequency, and then proceed to multiple frequencies. The extended principle provides a unified framework describing the effects of time delays on the perception of linear dynamic environments.
A. Single Frequency
Consider a combined mass-damper environment at a single frequency of ω a . This environment possesses a damping of b and mass of m and zero stiffness. Again, values of the variables used for this example are not limited to particular numbers. Fig. 6 shows the single-frequency Nyquist plots of the undelayed dynamics of this environment (H 0 (ω a )) and the time-delayed dynamics with a time delay T a (H delay (ω a , T a ) ).
The FRF of the undelayed system (H 0 ) has projections on the negative real axis and positive imaginary axis. These two projections, respectively, determine the inertia force felt at the extremes of the manipulator deflection, and the damping force felt around the zero deflections. From the changed projections on the two axes, one can see that the delay causes this environment to be perceived as having a lower mass and higher damping, as compared to the reference. However, the change in the perception is not consistent over the entire frequency range. If the product ω a · T a is further increased, for instance when increasing the excitation frequency ω a , H delay (ω a ) may move to the first quadrant of the complex plane. In this case, the projection on the real axis becomes positive, the original inertia behavior disappears completely, and an elastic force is exhibited instead. The original mass-damper environment will then be perceived as a spring-damper environment. With an even larger value of ω a · T a , the environment can exhibit an inertia behavior again. Such "switching" between different perceived mechanical properties occurs with increasing rotation angle ω a · T a with a period of 2π rad.
B. Multiple Frequencies
Now, we proceed to a wider frequency range of 0-15 rad/s. The higher end of this range is slightly beyond the approximate (open-loop) natural frequency of human arm neuromuscular system [14] . Consider two different time delays: T 1 = 60 and T 2 = 140 ms. Fig. 7 shows the Nyquist plots of the corresponding H 0 (ω) and H delay (ω) of the mass-damper environment used earlier for this frequency range.
As can be seen, the time delays move the FRF of the original environment clockwise. We first analyze the effect of T 1 : the red curve. At all the frequencies in the selected range, the projection on the real axis decreases in size, whereas the imaginary projection increases. As a result, the mass will be always underestimated and the damping will be always overestimated, no matter how the operator interacts with the environment. However, the extents of the under-and overestimation vary with the frequency. This is due to the fact that the delay-caused phase shift becomes larger as the frequency increases, shifting a larger proportion of mass into the damping. The perception will in fact depend on how the human operator interacts with the environment. Slow interaction movements will result in less distortion of the mechanical properties perceived, whereas fast movements cause more pronounced changes.
The trend of changes in the perception also depends on the delay time, as demonstrated by the larger time delay T 2 . The corresponding FRF is shown as the yellow curve in Fig. 7 . This curve intersects the imaginary axis at around 9 rad/s. When the interaction occurs below this frequency, the changes in the perceived mass and damping still follow the tendency discussed before while being more pronounced. However, the system begins to exhibit a spring behavior at higher frequencies, as the real-axis projection becomes positive. If the operator interacts with the environment with only fast movements, the inertia force is hardly presented. The elastic force makes the environment perceived to be similar to a spring. Moreover, with larger delays this spring behavior will appear earlier, because the FRF enters the first quadrant at lower frequencies. One can also imagine that the imaginary projection starts decreasing at higher frequencies or in the case of a larger delay time. Due to this, the viscous damping behavior exhibited by the delayed environment becomes weaker.
Similar analyses can be carried out to assess the effect of delays on the perception of damping, mass, and stiffness properties of all linear environments. The black-box modeling principle, in combination with the Nyquist-plot visualization, forms a framework that intuitively provides information of all delay-caused changes in the perception. In conclusion, the effect of delayed force feedback on human perception of environment mechanical properties is not consistent. Knowledge of the frequency range of excitation and the delay time is necessary to assess the full effect. But even when such knowledge exists, using fixed values to approximate the mechanical properties perceived by a human operator is still difficult, especially when the delay is large. Nevertheless, the general trend of how the delay affects the perception can be predicted. In order to corroborate the proposed framework, a second user study is carried out in the following section.
VI. FRAMEWORK VERIFICATION
A second experiment was conducted to evaluate the proposed framework. The experiment followed a same "perceive and adjust" procedure. Subjects interacted with the two environments with the same side-stick manipulator. The dynamics of the manipulator are given in the Appendix. The reference environment was a typical mass-damper environment, of which the mass property would be perceived to be more dominating than the damping property. The force feedback from this environment was delayed by 80 ms. Table III gives details about this environment.
The control environment was a mass-spring-damper system from which the force feedback was not delayed. The initial settings of the mass, spring, and damper coefficients (m c , b c , and k c ) of this environment were the same as the reference environment. Subjects were asked to adjust the dynamics of the control environment until its three mechanical properties approximate to those of the delayed reference environment. In this experiment, instead of the two complex components, subjects directly adjusted the mass, spring, and damper coefficients using three vertical sliders shown on the screen. Moreover, unlike the first experiment in which the interaction was fixed at a particular frequency, in the second experiment, subjects were allowed to freely move the manipulator to explore the environments, but were asked to avoid hitting the manipulator's end stops and not make violent movements. The duration of each individual interaction with an environment was not limited. No feedback of the manipulator movement was given on the display. Fig. 8 shows the Nyquist plot of the delayed reference environment, along with the dynamics without the time delay. The frequency range shown here is 0-15 rad/s. We believe this frequency range is sufficient for the assessment of the effect of time delay, since humans cannot generate movement beyond the bandwidth of their neuromuscular systems [14] . As can be seen from the figure, we expect subjects to perceive the delayed reference environment as having less mass but higher damping, as compared to the original undelayed dynamics. In addition, no stiffness would be perceived since the delayed environment does not exhibit any spring behavior within this frequency range.
The final values of m c , b c , and k c of the control environment will indicate the mechanical properties perceived from the reference environment. As discussed earlier, the behavior exhibited by a delayed environment depends on the frequencies at which the excitation mainly occurs. Since the manipulator movements applied by different subjects may differ, we expect the perception differs between individual subjects.
Six subjects (5 male and 1 female, between the age of 26-56 years with a mean age of 32.2), graduate students, and academic staff members of TU Delft participated in the experiment. They were all right-handed and did not have any history of impairment in moving the arm or hand. All subjects had sufficient knowledge about how each of the three mechanical properties feels, but were naive about the effect of the time delay on the perception of mechanical properties. In addition, subjects did not know the force feedback from the reference environment was delayed. This user study was approved by the Human Research Ethics Committee of TU Delft. Informed consent was obtained from all subjects before the experiment. Table IV lists the final values of m c , b c , and k c of the control environment adjusted by subjects. Except for the stiffness property, the mass and damping properties perceived by different subjects of the delayed reference environment are considerably different. As expected, all subjects underestimated the mass and overestimated the damping. Moreover, no spring behaviors were perceived.
A. Result
The differences in the mechanical properties perceived can be accounted for by the differences in the frequency of excitation between subjects. Although subjects were encouraged to use whatever movements they would like to interact with the environments, the manipulator movements applied by all subjects were still dominated by clear sinusoidal profiles. Fig. 9 gives an example that shows the manipulator movement generated Fig. 9 . Manipulator deflection angle θ m generated by a subject during a single interaction. Fig. 10 . Magnitude of the Fourier transform of the manipulator deflection angle generated by a subject during the entire experiment.
by one subject during a single interaction with the reference environment.
A similar human behavior was also mentioned by Nisky et al. in [20] . It seems that humans are inclined to use a sinusoidal profile to establish their impressions about a mechanical property. According to an interview carried out after the experiment, subjects attempted to interact with the control environment with similar manipulator movements to what they generated for the reference environment. The two environments were then compared in terms of the correlation between the movement and the force.
Due to this, we hypothesize that the frequency responses of the two environments would be the closest at the frequencies at which the environments were excited the most. Fig. 10 shows the power spectrum of the manipulator deflection angle generated by a subject during the entire experiment. The peak of the power spectrum occurs close to 4 rad/s. This is the frequency at which the majority of the interaction took place, i.e., the approximate frequency of the sinusoidal profile. Noticeable energy can also be seen at frequencies below 0.1 rad/s, which account for nearly static manipulator deflections. According to our subjects, such slow movements were applied at the beginning of the experiment to obtain the static spring force that was used to determine the spring stiffness of the environments.
Our hypothesis can be verified by plotting the difference in the frequency response between the two environments on top of the power spectrum of the manipulator deflection angle. The absolute value of the frequency-response difference can be ob- tained from
Here, H ref and H con denote the FRFs of the delayed reference environment and the control environment, respectively. Now, consider the frequency range of 0-15 rad/s. For a better illustration, the power spectrum is scaled up and shown with its average over each frequency bin of 1.0 rad/s, as can be seen from Fig. 11 .
In general, the characteristics of |ΔH(ω)| for all subjects are similar. |ΔH(ω)| starts from zero as both environments do not generate any static spring force. It then increases as the energy of the excitation reduces. As expected, the minimum value of |ΔH(ω)| occurs at roughly the same frequency at which the power spectrum of the manipulator movement reaches the peak. The quick increase in the dynamic difference at higher frequencies is due to the fact that the noticeable difference in the mechanical properties increases as the system magnitude increases [18] , [21] . To take this into account, the ratio of the dynamic difference to the system magnitude (| Fig. 11 .
To avoid numerical singularity, the lower end of the frequency range used to calculate the ratio is set to 0.1 rad/s. As can be seen, the slope at higher frequencies becomes lower and corresponds better to the characteristics of the power spectrum. The minimum of this difference ratio occurs at the same frequency as the absolute difference, coinciding with the peak of the power spectrum.
B. Discussion
The experimental findings confirm our hypothesis and demonstrate the validity of the framework proposed in Section V. Clearly, the mechanical properties of an environment will be perceived differently when the human operator excites the environment at different frequencies. Although the exact change in the perception varies with the frequency of excitation, in this experiment, we have demonstrated that the general trend of how the perception will change is readily appreciable using our framework.
We also found that humans may assess different mechanical properties at different frequencies. In the experiment, subjects assessed the stiffness of the environments with nearly static manipulator movements. According to subjects, this is due to the fact that, in this case, the spring force was less "polluted" by the forces generated by the damping and mass properties. Since the damping and inertia forces are stronger at higher frequencies, at lower frequencies, subjects can estimate the stiffness with higher accuracy. This can be accounted for by the perception threshold, which increases as the magnitude of the system dynamics increases [18] , [21] . However, in cases where the damping and mass are negligible compared to the spring stiffness, accurate estimation of stiffness can also be obtained using faster movements. It remains unclear whether in such cases subjects will still select static movements for the assessment of the stiffness or be different in the movement frequency as they did to assess the mass and damping properties. A possible correlation may exist between the excitation movement and the dynamics of the environment. This question needs to be answered in future research.
It is of interest to note that the manipulator movement that our subjects employed to explore the properties of the environments resembles a sinusoid. This was also reported in [7] and [20] during the interaction with springlike environments. The reason for such behaviors is beyond the scope of this study, but certainly needs to be addressed in further research.
VII. GENERAL DISCUSSION
Our framework is based on examining the FRF of the lumped dynamics of the environment and the time delay. This uses the fact that humans do not separate the time delay from the perception of the mechanical properties. Instead, the dynamics of the time delay and the mechanical properties are lumped together and perceived as a single mechanical system. This is consistent with the findings of previous research [7] , [8] , [10] , [12] . A similar phenomenon also exists in the motor control in tracking tasks [22] . It is suggested that the central nervous system compensates for delays in a sensory channel by means of a representation that resembles a mechanical system. Our findings related to the perception of stiffness are in line with previous work [8] , [13] , [23] , in which the underestimation is also observed during continuous interaction with the environment. In addition, we find that changes in the perception of all three mechanical properties respect the same principle. However, as a result of the threshold for perceiving a difference in the mechanical properties, not all delays can cause a change in the perception. For a noticeable change in the stiffness, a minimum delay of 36ms is reported [24] . Delays below this noticeable level, as tested in [10] , are therefore unlikely to cause significant effects.
In the present study, our subjects interacted with the environments using a side-stick manipulator. Such a setup of the manipulator led the lower arm to be the body part that was mainly involved in the interaction. We found that subjects were inclined to consider the movement to be the cause and the force to be the result, as also suggested by Nisky et al. in [9] . However, if the estimation would be on resulting movement in response to an applied force, as is hypothesized in [9] to match the control strategy for the shoulder joint, a different elaboration of the black-box estimation framework might be needed.
Clearly, due care should be taken when trying to evaluate the mechanical properties of a remote environment when force feedback is delayed. The effect of a time delay can be easily assessed using our framework. With knowledge of the frequency of excitation applied by the human operator, the mechanical properties perceived can be approximated by means of fitting the dynamics of the delayed environment with a mass-springdamper system at the frequencies where the excitation mainly occurs.
Such an approximation can be fairly accurate in the case of self-exploration tasks, as humans are inclined to employ a sinusoidal profile to interact with the environment. In tasks that involve tracking, the mechanical properties perceived by the human operator is determined by the reference signal of the tracking task. If the reference signal possesses considerable energy over a relatively wide frequency range, the accuracy of the approximation depends on the magnitude of the time delay. The approximation can still be accurate when the delay is small, as demonstrated in [10] . However, when time delay increases, quantifying its effect using a model with a limited order is not possible any more. As shown by both experiments carried out in this study, there need not be a consistent change in the perception of each mechanical property in the presence of a delay. The change depends on the product of the delay time and the excitation frequency. Nevertheless, our framework still provides clear insights into the general changing trend in the perception of the mechanical properties.
As discussed earlier, the FRF of the time-delayed dynamics switches over the four quadrants with a frequency "period" of ω = 2π/T delay rad/s. One can imagine that the FRF of the timedelayed dynamics can even spiral across all the four quadrants when the delay time is sufficiently large. In this case, a slight change in the excitation frequency will lead the environment to exhibit completely different behavior. Due to this, assessing the mechanical properties of the environment becomes very difficult for a human operator. As a result, the human operator will probably stop perceiving the environment as a mechanical system. It is therefore of interest for future research to understand the delay magnitude from which this situation starts to occur. Furthermore, the framework proposed in this study is based on the assumption of the continuous interaction between the human operator and the environment. However, discontinuous interaction, during which the boundary of the force field is frequently crossed, can have different effects on the perception of mechanical properties [7] , [8] . Extension of the framework, which takes this effect into account, should be made to include this effect.
VIII. CONCLUSION
In this paper, we investigated the effects of delayed forced feedback on the haptic perception of damping, mass, and stiffness properties of dynamic environments. In a first experiment, we observed that all mechanical properties were underestimated with time delays, and subjects perceived different mechanical properties than simulated. These changes in perception were accounted for by the fact that our subjects could not separate phase differences due to delayed force feedback from phase differences due to different environment mechanical properties. This key finding led us to define a unified framework-based on a visualization of the FRF of the lumped (environment and delay) dynamics-which can accurately predict all effects due to time delays. Our framework is verified by the second experiment, in which participants could explore a mass-damper environment with freely-selected movement patterns. The experimental findings showed that the delayed force caused an underestimation of the mass but an overestimation of the damping, as predicted by the framework. The framework also explains how perception of these two mechanical properties varied between individual subjects, depending on the frequency content of the movement pattern.
APPENDIX
The manipulator is configured with an admittance architecture. It is driven by an electrohydraulic servomotor. Position of the manipulator and moment on the manipulator are led through presample filters (bandwidth = 200 Hz) before being digitized at 2500 Hz and read into the laboratory computer. The manipulator's control system is executed at 2500 Hz, and effective position following bandwidth is around 40 Hz. The manipulator is supplied with a handle, diameter 35 mm, with grooves for placement of the fingers. When a hand is correctly placed on the handle, the center of the hand lies 90 mm above the manipulator rotation axis. The equivalent (simulated) dynamics of the manipulator can be expressed as 
The manipulator dynamics were configured to guarantee the stability of the overall system. In the first experiment, m m was set to 0.01 kg · m 2 for the delayed-spring experiment (the experiment in which the reference environment was a spring), and 0.06 kg · m 2 for both delayed-mass and -damper experiments. b m was 0.3 N·m·s/rad for the delayed-spring experiment, and 0.05 N·m·s/rad for both delayed-mass and -damper experiments. The effort to move the manipulator was minimized by setting stiffness k m to be m m · ω 2 i . With such settings, the prescribed excitation frequency ω i becomes the eigenfrequency of the manipulator. Thus, the manipulator itself only generates a damping force during the experiment, since the responses of the stiffness and mass are counteracted by each other. Note that the dynamics of the manipulator were identical for each reference environment and its corresponding control environment, although different settings were used for different reference environments.
In the second experiment, the dynamics of the manipulator were set to m m = 0.035 kg · m 2 , b m = 0.05 N·m·s/rad, and k m = 0 N·m/rad, respectively. Again, the dynamics of the manipulator were identical for the reference environment and the control environment.
Note that in the experiment, the manipulator could only move laterally (left-hand side and right-hand side). The movement in the longitudinal direction (forward and backward) is fixed at the center.
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